AbstrAct
Sesame (Sesamum indicum L.) is a market crop of small-scale farmers, particularly women, in the Sahel. Guidelines for soil fertility management may help to boost the productivity and profitability of sesame production. Research was conducted in 2016 and 2017 at Maradi and Magaria in Niger to determine nutrient response functions for sesame as a sole crop and intercropped with pearl millet (Pennisetum glaucum L.). Sesame yield was doubled with high consistency across site-years with 30 kg P ha -1 applied and the P response function was determined. Sesame yield was not increased with N and K application. Manure application increased sesame grain yield by 25% when no fertilizer was applied and by 6% with 15 kg P ha -1 . The estimated fertilizer P equivalent value of manure P was 1.72 kg kg -1 for no fertilizer P, indicating that manure application increased crop uptake capacity for indigenous soil P through, for example, increased root growth. Intercropped sesame and pearl millet yields decreased by about 41% of sole crop yields on average but the land equivalent ratio was about 1.2 with intercropping compared with sole crop production. The economically optimal P application rate ranged from 14 to 34 kg P ha -1 for sesame sole crop and from 0 to 15 kg P ha -1 for the intercrop with pearl millet, with the ranges resulting from varying fertilizer P use costs relative to crop value. Fertilizer P use has high profit potential for sesame sole crops in the Sahel but less potential for sesame-millet intercrops.
core Ideas
• Sesame sole crop was highly responsive to fertilizer phosphorus.
• The profit potential for applied phosphorus was greater for sole crop than intercrop.
• Sesame did not respond to fertilizer nitrogen and potassium.
• Sesame-pearl millet had greater productivity than the sole crops.
• Manure phosphorus had a high fertilizer phosphorus equivalent.
T he dry and hot climate of Sahelian West Africa is often associated with sandy soil and low crop productivity. Sesame is an oilseed cash crop that is relatively well adapted to the Sahel (Dossa et al., 2017; Andres and Lebailly, 2013) . Sesame grain contains a favorable balance of amino acids and fatty acids and is a good source of pantothenic acid and vitamin E, with approximately 1450 mg 100 g -1 Ca and 570 mg 100 g -1 P (Ibrahim et al., 2016) . Export demand is high and sesame production in Niger in 2015-2017 was about four times the production in 1995-1997. The average grain yield in Niger was 460 kg ha -1 with little input use and much intercrop production. The sesame production constraints in Niger are similar to those in Nigeria, including poor management, pests, diseases, weeds, poor soil fertility, and low-yielding varieties (Muhamman et al., 2009) . Singh and Misari (1986) reported a lack of fertilizer recommendations for sesame sole crop (SSC) in Nigeria since sesame was typically intercropped with sorghum [Sorghum bicolor (L.) Moench] or pearl millet. In the northern Guinea Savanna of Nigeria, Shehu et al. (2010) reported maximized grain yield of SSC with 75 kg N and 45 kg P ha -1 . Naganjali (2006) reported a mean grain yield of 235 kg ha -1 for SSC with no fertilizer applied in India compared with 332 kg ha -1 with 50 kg N ha -1 , but with no additional yield increase with 100 and 150 kg N ha -1 and with P application. Applications of 90 kg N and 17 kg P ha -1 were recommended for SSC production on low fertility soils during the rabi season in India (Patra, 2001) . Capsules per plant, kernels per capsule, and capsule length increased with up to 60 kg N ha -1 , whereas test weight increased with up to 90 kg N ha -1 . For 11 trials conducted in southeast Tanzania, the mean SSC yield with no fertilizer was 406 kg ha -1 , the mean yield increase with 25 kg N ha -1 applied was 79 kg ha -1 , and the mean yield increase with 10 kg P ha -1 was 63 kg ha -1 (Taylor et al., 1986) .
Given the growing importance of sesame production in Niger and the lack of fertilizer use recommendations, research was conducted to: develop N, P, and K response functions for SSC and sesame-pearl millet intercrop (SPMI); determine the effect of manure application on response to fertilizer; and determine (Jones et al., 2013) . The combination of climate and soil properties for these two locations represents about 40,000 km 2 of Sahelian pearl millet production spanning 38° longitude across seven countries (Wortmann et al., 2017) .
Soil samples for the 0 to 0.2 m depth were taken and composed of 10 to 15 sample points per replication. The samples were air-dried, sieved through a sieve with 2-mm mesh, and sent to the World Agroforestry Centre in Nairobi, Kenya, for the analysis of particle size distribution, pH, organic C and N by dry combustion, and P and exchangeable bases via Mehlich III extraction. Soil test values for Magaria and Maradi were, respectively, 5.6 and 5.6 for pH, 1.2 and 1.1 g kg -1 for organic C, 10.7 and 11.6 mg kg -1 for Mehlich III P, 0.10 and 0.12 cmol c kg -1 for exchangeable K, and 874 and 870 g kg -1 for sand content ( Table 1 ). The mean clay content was 66 g kg -1 .
The average rainfall in May to October was 520 mm yr -1 , with 65% of the rainfall occurring in July and August (Fig. 1) . Rainfall for the research sites and years ranged from 434 to 603 mm yr -1 . Because of the sandy soil and low water-holding capacity, much of the July to August rainfall was probably lost to percolation beyond the root zone.
experimental design
The experimental design was a randomized complete block design with three replications. The plot size was 4 × 6 m. There were 30 treatments (Table 2) with 17 SSC treatments for response to N, P, or K with no manure applied; five SSC treatments with 5 Mg ha -1 manure applied; four treatments for comparison of responses to N, P, and K for SPMI vs. SSC responses; and four treatments for comparison of responses to N, P and K for SPMI vs. pearl millet sole crop. Phosphorus deficiency was expected to be the most limiting deficiency on the basis of previous crop responses (Buerkert and Hiernaux, 1998; Maman et al., 2017a) . The incomplete factorial design had five elemental P rates, ranging from 0 to 30 kg P ha -1 , with and without 10 kg N ha -1 being applied. The four N rates were evaluated with a uniform application of 15 kg ha -1 P and the four K rates were evaluated with 10 kg N ha -1 and 15 kg P ha -1 being uniformly applied.
The nutrient sources were urea (46% N), triple super phosphate (20% P), and muriate of potash (KCl, 50% K). The manure was decomposed cattle feces, feed, and debris from the homestead and was determined to contain 10.9, 1.1, and 7.3 g kg -1 N, P and K, respectively. The manure was broadcast-applied and incorporated by tillage. Fertilizer P and K were point-applied at 5 to 10 cm from the planting holes and incorporated at 7 to 10 d after seedling emergence. Fertilizer N was applied at a half-rate with the P and K and at a half-rate at the pearl millet booting stage.
management practices
The land was plowed to about 15 cm depth and diskharrowed. The varieties were sesame 'SMN3' and pearl millet 'Zatib' with 70 to 80 d to maturity. The seed was treated with 5 g kg -1 Apron Star 42W (Syngenta, Basel, Switzerland) with 20, 20, and 2 g kg -1 a.i. thiameth-
, respectively, for control of root and stem fungal diseases. The seed was planted manually at a 5 cm depth. The seed hole spacing was 1.0 by 1.0 m for pearl millet in sole crop and intercrop systems, and 1.0 by 0.50 m for both SSC and sesame in SPMI, with one row of sesame between each pair of pearl millet rows for the intercropping system.
Pearl millet and sesame were planted on the same day: 2 July 2016 and 20 June 2017 at Maradi and 9 July 2016 and 28 June 2017 at Magaria. For both crops, the seedlings were thinned to three plants per hole after the first weeding. Manual hand-hoe weeding was done at 3 and 6 wk after sowing.
Pearl 
data collection and Analysis
The two central rows (4 m in length) each for pearl millet and sesame were harvested to determined grain yields. The ANOVA was combined across sites and years with Statistix version 10 software (Analytical Software, Tallahassee, FL). An additional ANOVA was conducted with a treatment subset to evaluate the N x P interaction for SSC. When applied nutrients affected yield, asymptotic regression was fitted to the response with yield (kg ha -1 ) = a -bc n , where a was the yield at the plateau, b was the calculated maximum yield gain due to application of the nutrient and therefore equal to the difference resulting from a and yield with 0 kg ha -1 of the nutrient, c was a curvature coefficient, and n was the nutrient rate. The regression analyses for P rate effects was for 0 kg N ha -1 , since there was no P × N interaction and no SSC yield response to N. The least significant differences at P = 0.05 (LSD 0.05 ) were determined. Orthogonal contrasts were used to assess the effects of manure and intercropping on yield.
The land equivalent ratio for SPMI was calculated according to Willey (1979) as being equal to sesame grain yield for SPMI divided by SSC yield plus the pearl millet grain yield for SPMI divided by pearl millet sole crop yield. The EORs were determined as the nearest full kg ha -1 of nutrient applied beyond which the value of the yield increase was less than the cost of added nutrient, assuming that the cost of nutrient use includes the fertilizer purchase cost and other procurement costs, the application cost, and financing or opportunity costs (Maman et al., 2017a) .
The profit/cost ratio, or the marginal net benefit divided by the marginal cost resulting from the nutrient application, was calculated as the difference in value of yield gained through nutrient application minus the nutrient use cost, divided by the nutrient use cost. The profit/cost ratio was determined with the fertilizer nutrient use cost per kg being equal to the value of 3, 6, 9, and 12 kg of sesame grain. Sesame grain was considered to have twice the value of pearl millet grain on a dry weight basis.
results
Year, site, treatment, and the interactions of year × site, treatment × site, and year × site × treatment affected sesame grain yield (Table 3) . For the treatment subset used to evaluate the N × P interaction, yield was affected by site, P, and the year × site interaction, but not by N, the N × P interaction, or the interaction of P × year × site.
The lowest sesame yield was 337 kg ha -1 with intercropping and no fertilizer applied ( Table 2 ). The highest mean SSC yields were with 25 kg P ha -1 , with manure plus 20-15-10 kg N-P-K ha -1 , and manure plus 20-15-0 kg N-P-K ha -1 , which averaged 735 kg ha -1 .
The three-way year × site × treatment interaction effect on SSC yield was caused by a 77% lower effect of manure application on average with 15 kg P ha 1 than with 0 kg P ha -1 and a 166% greater response to manure with 20-15-0 kg N-P-K ha -1 than with 0-0-0 kg N-P-K ha -1 for Magaria in 2017 but with no N effect for other site-years (Table 2, Table 3 ). The negative effect of SPMI on sesame yield was 158% greater with fertilizer being applied than with no fertilizer but this negative effect was 400% for Magaria in 2016 and only 75% for Maradi in 2016. The SSC grain yield was increased with P application for all site-years ( Table 2) . The mean sesame yield responses to 15 kg P ha -1 were 236, 112, and 77 kg ha -1 for SSC with no manure, SSC with manure, and SPMI, respectively. The SPMI pearl millet yield increase resulting from 15 kg P ha -1 with no manure was 226 kg ha -1 (Table 4) . Therefore, with sesame grain considered to have twice the value of pearl millet grain on a dry weight basis, the SPMI response to 15 kg P ha -1 on the sesame grain value equivalent was 190 kg ha -1 and 19% less than the SSC response.
There were no sesame yield responses to N and K application for SSC with or without manure being applied and for SPMI. Intercropped pearl millet yield was also not affected by N and K application, with exceptions of 32% more yield with 10-15-0 kg N-P-K ha -1 than with 15 kg P ha -1 at Maradi in 2017 and 41% more with 10-15-10 kg N-P-K ha -1 than with 15 kg P ha -1 at Magaria in 2016.
Intercrop compared with sole crop yield was 60% for sesame and 58% for pearl millet (Table 4 ). The mean land equivalent ratio (Willey, 1979) for SPMI was 1.23 at Magaria and 1.16 at Maradi over all fertilizer levels and 1.22 at Magaria and 1.10 at Maradi with 15 kg P ha -1 . The land equivalent ratio declined with increasing P rate.
Applications of N and K did not affect sesame yield and the response functions could not be fitted. The overall SSC response function for P with no N applied, determined from P levels' mean yields, was Yield = 751.6-440.2 × 0.935 P (R 2 = 0.94) (Fig. 2) . A P response function for SPMI was estimated from the same proportional yield increases as with SSC relative to the increase with 15 kg P ha -1 for rates of 7.5, 22.5 and 30 kg P ha -1 .
The SPMI response function was Yield = 632.3-120.0 × 0.91 N .
The EOR for SSC ranged from 14 to 34 kg P ha -1 when the cost per kg of fertilizer P use was equivalent to the value of 12 and 3 kg of sesame grain, respectively, with associated profit/ cost ratios of 1.60 and 3.88 (Fig. 2) . The EORs for P applied to SPMI were less than 50% of the EOR for SSC and the associated profit/cost ratios ranged from <0 to 1.01. If fertilizer P was applied to SSC at 50% of EOR because of financial constraints, the profit/cost ratio was 1.97 and 5.88 when the cost per kg of fertilizer P use was equivalent to the value of 12 and 3 kg of sesame grain, respectively. dIscussIon Grain yield of SSC varied with site-year (Tables 2 and 3 ). The relatively low yield for Magaria 2017 was associated with relatively low rainfall in July and an early cessation of rainfall (Fig.  1) . Both sites had sandy soil with low nutrient availability, which probably contributed to low yields and low responses to applied nutrients, but the soils of the two locations were too similar to account for site differences in yield.
The consistent SSC yield response to applied P, as well as the mean responses to P for sesame and pearl millet in SPMI, agrees with other results for the Sahel demonstrating crop responses to P (Maman et al. (2017a (Maman et al. ( ,2017b ; Serme et al., 2018) . The Mehlich III P values may suggest the low probability of response to P but soil test P has generally not been found to be predictive of response to P in tropical Africa (Garba et al., 2018a) . The lack of SSC response to K also agrees with the results from these studies. In the current study, there was a lack of SSC and SPMI response to N, whereas in the studies cited above, responses to N often occurred. There was also some pearl millet sole crop response to N in the current study, although with lower profit potential for fertilizer N than for P. There is high nitrate leaching potential because of the sandy soil and high rainfall in July and August (Table 1 ; Fig. 1) . Delay of the first fertilizer N application until after crop emergence and applying 50% of the N at the booting stage of pearl millet growth in August probably contributed to N recovery. However, there may be an advantage to further delaying the first application of N until the first weeding.
The effect of manure on SSC yield was greatest with no fertilizer applied but manure reduced SSC response to 15 kg P ha -1 by 53%. The estimated fertilizer P equivalent value of manure P was 1.72 and 0.73 kg kg -1 for 0 and 15 kg ha -1 of fertilizer P, respectively (Table 2 ). These results indicate that manure did supply P but also increased the capacity of SSC for soil P uptake through, for example, increased root growth or mycorrhizal colonization of the roots.
The SSC yield response to fertilizer P with no manure applied and to manure with no fertilizer applied contrasts with other * Significant at the 0.05 probability level ** Significant at the 0.01 probability level *** Significant the 0.001 probability level. † Y, year; S, site; T, treatment; ns, not significant. ‡ Sesame grain yield was not affected by N and K application but was increased with manure application. Sesame yield was decreased with intercropping.
results for the Sahel. Garba et al. (2018b) analyzed data from 48 trials for manure and fertilizer effects on the yield of several different crops in the Sahel and Sudan Savanna of West Africa. They concluded for the Sahel that crops were unlikely to have yield responses to either fertilizer or manure alone and that both fertilizer and manure needed to be applied to have yield increases. Manure and fertilizer had additive effects for the Sudan Savanna in contrast to the synergistic effect in the Sahel. In the current study, manure and fertilizer P had additive effects on SSC yield. Average sesame and pearl millet yield was 41% less for SPMI than for sole crop yields and the reductions were similar for both crops indicating that the crops were of similar competitiveness in SPMI. The land equivalent ratio for SPMI compared with sole crop productivity declined from 1.43 with 0 kg P ha -1 to 1.07 with 30 kg P ha -1 , even though both crops in SPMI, on average, responded to applied P.
The SPMI response to P ha -1 and EOR, on a sesame grain value equivalent basis, was lower than that of SSC (Table 4 ; Fig. 2 ). The relatively low response to P for SPMI compared with SSC contrasted with results for pearl millet-cowpea [Vigna unguiculata (L.) Walp.] and for sorghum-groundnut (Arachis hypogaea L.) intercropping, where fertilizer application to the intercrop had more profit potential than the sole crops (Maman et al. (2017a (Maman et al. ( , 2017b .
Sesame production in Niger is mostly done by small-scale farmers whose fertilizer use is commonly constrained financially. They need to be more concerned about maximizing net returns on their limited investment, or maximizing the profit/ Table 1 ), pearl millet sole crop (Treatments 27-30), and for intercropped sesame and pearl millet , and the land equivalent ratio (LER), as affected by nutrient rates and cropping system at Maradi and Magaria in Niger. ** Significant at the 0.01 level of probability *** Significant at the 0.001 level of probability.
cost ratio, rather than net return ha -1 . The response to P was curvilinear. Therefore, application at less than the EOR to more land is expected to have a higher profit/cost ratio than the application at the EOR to less land. For example, a farmer may have 2 ha of sesame but enough money to apply fertilizer P at the EOR to only 1 ha. The fertilizer might be applied at 50% EOR to 2 ha rather than at the EOR to 1 ha and with no fertilizer applied to the other hectare. The profit/cost ratio for SSC is expected to be 23 to 198% higher, depending on fertilizer P use cost relative to grain value, for P application at 50% compared with 100% EOR. Similar results have been reported for other crops of the Sahel (Maman et al. (2017a (Maman et al. ( , 2017b .
conclusIons Sesame can be produced in the Sahel of Niger as SSC or in SPMI. Land productivity is 20% higher with SPMI than with sole crop production. Fertilizer P applied to SSC and SPMI has profit potential whether or not manure is applied, but with greater response to fertilizer P if no manure is applied. Response to fertilizer P is expected to be greater with SSC than with SPMI on a sesame grain value equivalent basis. The response to fertilizer P was highly consistent across site-years. Manure applied to SSC had a high fertilizer P equivalent value. Application of N and K for sesame production is not likely to be profitable in the Sahel. The EOR of P varies widely with fertilizer P use costs relative to sesame grain value. The financially constrained farmer can greatly improve the profit/cost ratio for fertilizer P use by applying fertilizer at less than the EOR to more land compared with application at the EOR to less land. Fig. 2 . The response of sesame sole crop (SSC) and the sesamepearl millet intercrop (SPMI; sesame grain value equivalent) to applied P in Niger and the economically optimal P rates when the cost per kg of fertilizer P use is equivalent to the value of 3 (diamond), 6 (triangle), 9 (square), and 12 (circle) kg of sesame grain.
